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Abstract: Biodiesel was found to be a more effective collector on low-rank coal flotation than the
common oily collectors (diesel and kerosene) in previous research. However, the micro-adsorption
behavior of these collectors on the coal surface remains to be further explored. In the present
work, the adsorption behavior of methyl laurate and dodecane, representing biodiesel and common
oily collectors, was investigated using experimental and molecular dynamics (MD) simulation
methods. The results of MD simulations showed that dodecane was difficult to diffuse on the surface
of sub-bituminous coal and formed a spherical structure on the surface of sub-bituminous coal.
Methyl laurate was adsorbed on the surface of coal via the head group (ester group), while the tail
group (alkyl chain) was exposed to a liquid environment, forming a wider network structure on the
coal surface. The above results, mainly attributed to methyl laurate, had a higher interaction with
the sub-bituminous surface compared to dodecane. The self-diffusion coefficient results showed
that the aggregate configurations of methyl laurate cause higher water mobility, which was more
conducive to enhancing the hydrophobicity of the coal surface. The adhesion efficiency measurement
and X-ray photoelectron spectrometer (XPS) analysis confirmed that methyl laurate could cover
more oxygen-containing functional groups on the coal surface than dodecane, thus enhancing the
hydrophobicity of coal. The results of simulations conformed to the experimental results.
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1. Introduction

Low-rank coals (lignite and sub bituminous coal), which account for more than half of the
world’s proven coal reserves, are a premium fuel and industrial raw material with high reactivity [1,2].
The processing and utilization of low-rank coal is of great help to the clean and efficient utilization
of coal. Flotation is an effective means to upgrade fine coals, depending on the natural surface
hydrophobicity of coal [3]. Low-rank coals are difficult to float using common oily collectors, such as
kerosene and diesel, due to the oxidized surface with reduced hydrophobicity. Therefore, the selection
of efficient collectors for low-rank coals has been the focus of attention [4,5]. Previous studies have
found that introducing different oxygen-containing functional groups, such as hydroxyl groups and
ether bonds, into low-rank coal collectors can effectively improve the collecting capacity of low-rank
coal [6–9]. However, the collectors containing these functional groups are mostly petroleum products
or chemical by-products. Due to the nonrenewable nature of fossil fuels, the use of these collectors will
cause the waste of fossil fuels, while also being harmful to the environment.
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Biodiesel, composed of fatty acid methyl ester, is a biodegradable, renewable and nontoxic fuel,
which can be used as an efficient collector for fine low-rank coal flotation [10,11]. Xia et al. [12] studied
the collecting ability of biodiesel and diesel on the surface of low-rank coals and oxidized coals through
a flotation experiment, revealing that the collection capability of biodiesel collectors was superior
to that of diesel collectors. The floatability of low-rank coals is enhanced by the increase of coal
surface hydrophobicity through the ester groups of fatty acid methyl esters in biodiesel bonded to the
oxygen sites on the coal surface. Although it has been determined that fatty acid methyl esters with
ester groups have a better collecting performance than common nonpolar hydrocarbon collectors for
low-rank coal, the mechanism of their action is less involved, explaining the effect of the ester group
on the collecting performance of fatty acid methyl esters from a microscopic level.

Molecular dynamics simulation is a powerful tool to reveal the interaction mechanism between
collectors and minerals at microscopic level [13–16]. The adsorption behavior of collectors on mineral
surfaces in an aqueous environment can be obtained from the atomic or molecular level by molecular
dynamics simulation. Li et al. [17] used molecular dynamics (MD) simulations to study the adsorption
behavior of sodium oleate on siderite, hematite, and quartz in an aqueous environment. The results
showed that sodium oleate can effectively collect siderite at neutral pH. Zhang et al. [18] studied the
adsorption behavior of dodecylamine, butanol, hexanol, and octanol on the surface of magnesite and
dolomite using the molecular dynamics method. The simulation results showed that monohydric
alcohol can enhance the adsorption of dodecylamine on mineral surfaces. Zhang et al. [19] adopted
molecular dynamics simulations to describe the adsorption of three collectors (dodecane, nonylbenzene,
and nonylphenol) on the surface of Wiser bituminous coal. It was found that the functional group type
of collectors influenced the interactions between collector molecules and coal surfaces. Dodecane with
a non-polar hydrocarbon structure has the most significant effect on the bituminous coal collecting
performance. Guo et al. [20] studied the adsorption of n-dodecyl β-D-maltoside (C12G2) and dodecyl
hepta glycol (C12E7) molecules on the surface of Wender lignite using the molecular dynamics
simulation. It was found that the C12E7 with –CH2–O–CH2– is a better reagent than C12G2 with
–OH for the lignite.

In summary of the above studies, it can be seen that molecular dynamics simulation has attracted
great attention in attempts to reveal the mechanism of collectors and minerals at the microlevel, but few
studies have focused on the micro-adsorption behavior of the environment-friendly collector, fatty acid
methyl ester, on the surface of low-rank coal.

In this paper, the fatty acid methyl esters with 12 carbons (methyl laurate) and the nonpolar
hydrocarbon with the same carbons (dodecane) were selected to represent biodiesel and common oily
collectors. The adsorption behavior of two collectors on the surface of low-rank coal was studied using
the molecular dynamics method. The water/collectors/coal system was established to quantitatively
analyze the molecular scale structure, dynamics, and energy behavior of the system. The experiment
was also performed to verify the rationality of the simulation.

2. Materials and Methods

2.1. Materials and Reagents

The sub-bituminous coal samples were obtained from the Bulianta Coal Mine (Erdos,
Inner Mongolia, China). The proximate and ultimate analysis of the coal sample was conducted,
as shown in Table 1.
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Table 1. The proximate and ultimate analysis of the coal sample 1.

Proximate Analysis (wt %) Ultimate Analysis (wtdaf %)

Mad Aad Vdaf C H O 2 N S

5.84 10.46 31.26 74.33 5.23 18.97 1.03 0.44
1 Mad is moisture mass fraction of samples on air-dried basis; Aad is ash mass fraction of samples on a dry basis;
Vdaf is volatile matter mass fraction of samples on a dry and ash-free basis; and wtdaf % is weight percentage of
various elements on a dry and ash-free basis. 2 By difference.

Based on Table 1, the oxygen content in coal samples is as high as 18.97%, which indicates that
the surface of the coal sample was abundant with oxygen content. The coal samples with a density
of 1.3–1.4 g/cm3 were obtained by a fine float–sink test to exclude the influence of ash content on
subsequent experiments. For the attachment efficiency measurement, the coal samples were sieved to
obtain the particle size in the range of 0.10–0.15 mm. In addition, the sample was crushed to –74 µm
for the X-ray photoelectron spectrometer (XPS) experiment. In order to obtain modified coal samples
after the adsorption of collectors, the coal pulp and the collectors were added to a cell under stirring at
a speed of 1800 r/min for 2 min. The pulp concentration was 80 g/L. The dosage of collectors was 2 kg
per ton of dry feed coal. The sample particles were filtered from the pulp and the obtained sample was
dried in a vacuum drying oven at 105 ◦C for 24 h.

The methyl laurate (purity: 99%; formula: C13H26O2), which represents biodiesel, was purchased
from Shanghai Macklin Biochemical Co., Ltd., Shanghai, China. The dodecane (purity: 99%; formula:
C12H26), representing common oily collectors, was obtained from Shanghai Aladdin reagent Co., Ltd.,
Shanghai, China.

2.2. Molecular Simulation Details

The molecular dynamic simulations were conducted in Forcite modules using Material Studio
2018 software (Dassault Systemes Biovia K.K. Biovia, San Diego, CA, USA). The COMPASS II force
field was applied for all the simulations, which extend the coverage of the COMPASS force field
for polymer and drug-like compounds in the materials arena [21]. The water/collector/coal model,
containing a sub-bituminous surface, a collector layer, and an aqueous layer, was constructed to
investigate the interaction among them. The proposed Hatcher sub-bituminous model was selected to
build the sub-bituminous coal surface [22]. The SPC (simple point charge) water model was selected
in this paper. The molecular structures of the Hatcher model, water, dodecane, and methyl laurate are
shown in Figure 1. The atomic charges for all molecules were automatically distributed through the
COMPASS II force field, which was also shown in Figure 1. The sub-bituminous coal surface model
consisted of 40 geometrically optimized sub-bituminous molecules, which were packed into a 3D cell of
45 Å× 45 Å (X× Y) by the amorphous cell module (Figure 2). The annealing algorithm was conducted
to achieve structure relaxation of the coal surface model. The initial temperature of the annealing
algorithm increased from 298 K to 1098 K and finally returned to 298 K. The temperature increased
and decreased once every 50 K and 100 ps MD simulation was carried out at each temperature. The 20
collector molecules and 2000 water molecules were also packed into the 3D cell to form the collector
layer and the water layer, respectively, with the same method. Then, a vacuum with a thickness of
around 110 Å was applied at the top of these layers to avoid any interaction between the top and
bottom surface of the model because of the periodic boundary conditions.

The built model was optimized to obtain an energy minimization structure. Then, the MD
simulation was carried out at 298 K using the constant-volume and -temperature (NVT) ensemble with
500 ps simulation time and 1 fs time step. The van der Waals and long-range electrostatic interactions
were calculated using the atom-based method and the Ewald summation method. The temperature
control method was set to Nosé [23] thermostat.
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2.3. XPS

The X-ray photoelectron spectrometer (XPS), Thermo Scientific Escalab 250Xi (Thermo Fisher
Scientific, Waltham, MA, USA), with an AlK Alpha anode operating at 200 W was used. A pass energy
of 100 eV was applied for the spectrum of the survey scan with the step size of 1000 MeV. Before data
analysis, 284.8 eV was selected as the C1s spectral peak calibration standard for calibration [24,25].

2.4. Attachment Efficiency Measurement

The attachment efficiency between the coal particles and air bubbles was measured using
a self-constructed attach efficiency instrument consisting of a funnel moving module, a bubble micro
displacement device, a bubble generation and adjustment module, a feed funnel, an observation room,
a camera, and an LED (Light-Emitting Diode) array light source [26]. The experiment was roughly
divided into two steps. The first was to record the adhesion process between particles and bubbles
in the observation room by camera. The second was to count the adhesion efficiency of particles at
different collision angles using a program developed on the MATLAB (matrix & laboratory) platform.
In order to accurately represent the relative position of particles and bubbles, the position of the bubble
center was located at the origin of coordinates, the horizontal direction was set at the X-axis, and the
vertical direction was set at the Z-axis. When the distance between the particle and the bubble was
less than 1 pixel, the coordinates of the particle pixels pointing closest to the edge of the bubble were
determined as the collision point coordinates. The angle between the collision point and the vertical
direction of the bubble center was defined as the collision angle, as shown in Figure 3.
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3. Results and Discussion

3.1. Molecular Dynamics Simulation

3.1.1. Adsorption Structure of Collectors on the Coal/Water Interface

The initial and equilibrium configurations of the water/collector/coal three-phase system
model were obtained using the abovementioned molecular dynamics method, as shown in Figure 4.
From Figure 4, the collector is evenly distributed in the reagent layer in the initial state. With the
simulation, the collector spontaneously aggregated at the coal–water interface and adsorbed to the
coal surface, which meant that the adsorption of the collector will change the surface properties of coal
and then affect the wetting effect of coal.
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Figure 4. The initial (left) and equilibrium (right) adsorption configuration on the surface of
sub-bituminous coal in aqueous environment: (a) water/dodecane/coal system and (b) water/methyl
laurate/coal. For clarity, the coal surface models are shown as black.

The configurations of the two collectors in adsorption equilibrium are different. In order to
observe the molecular morphology of collector adsorbed on coal surface at equilibrium, the reagent
layer (red box) in Figure 4 is enlarged, as shown in Figure 5.
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Figure 5. The equilibrium adsorption configuration of collectors on the surface of sub-bituminous coal
in an aqueous environment: (a) dodecane and (b) methyl laurate. For clarity, the water molecules and
coal surface models are not shown.

Figure 5 shows that dodecane molecules form a spherical structure on the surface of coal,
while methyl laurate forms a network-like structure. The different configuration mentioned suggests
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that dodecane molecules are difficult to diffuse on the surface of sub-bituminous coal with abundant
hydrophilic groups, while methyl laurate can diffuse easily on the surface of sub-bituminous coal.

The mass density distribution of coal molecules, collector molecules, and water molecules along
the Z-axis was simulated to quantitatively characterize the molecular morphology and spatial position
of dodecane and methyl laurate at the coal–water interface, as shown in Figure 6. The Z-axis is
perpendicular to the coal surface, and the direction is vertical upward. The abscissa is the distance
along the Z-axis, which is the distance to the bottom of the system. The ordinate is the density of the
molecule in the X × Y plane (parallel to the coal surface), located at different positions of the Z-axis.
By calculating the density distribution along the Z-axis, the degree of aggregation of molecules in the
X × Y plane can be obtained at different positions of the Z-axis. Table 2 lists the distributions of coal
molecules, collector molecules, and water molecules along the Z-axis in the three systems, so as to
express more clearly the distributions of each molecular layer along the Z-axis in Figure 6.
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dodecane/coal, and (c) water/methyl laurate/coal system.

Table 2. Scope of Z-axis distribution of water, collectors, and coal molecular layers in three systems (Å).

System Coal Collectors Water

water/coal 0–66.66 - 43.34–93.02
water/dodecane/coal 0–66.62 39.32–70.16 45.34–100.56

water/methyl laurate/coal 0–66.59 45.31–70.44 52.34–100.42

From Figure 6 and Table 2, it can be seen that the adsorption process does not affect the density
distribution of the coal molecule, and there is a consistent density distribution in the three systems.
After the adsorption of collectors, the overlapped density distributions between the water and coal
decreased. This meant that the collector molecules were adsorbed on the sub-bituminous coal to
form an isolating layer, which can keep water away from the surface of sub-bituminous coal. Table 2
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shows the water layer mainly distributes in the range of 45.34–100.56 Å in the water/dodecane/coal
system, while in the water/methyl laurate/coal system, the water layer distributes in the range of
52.34–100.42 Å. The results showed that the network configuration formed by methyl laurate can
cover the coal surface more effectively than the spherical configuration of dodecane and prevent water
molecules from contacting with coal.

From the density distribution of collectors along the Z-axis direction in Figure 6, it is shown that
the distribution of collectors mainly exists at the coal–water interface, and the density distribution
between coal and collectors had an apparent overlap. This does not imply that the collector molecules
penetrated the coal surface, but because the coal surface has a rough surface, the coverage of collector
molecules to the microscopic valleys on the coal surface leads to the overlap of the collectors and the
coal surface. By comparing the density distributions of the two collectors along the Z-axis, it was
found the density peaks of both collectors appeared around 60 Å, but the peak intensity of methyl
laurate was obviously higher than that of dodecane. The density distribution of methyl laurate on the
Z-axis is mainly in the range of 45–70 Å, which is less than that of dodecane in the range of 40–70 Å.
The above results imply that the density distributions of methyl laurate are concentrated in a smaller
Z-axis range than those of dodecane. In other words, when the dosage of the two collectors is the same,
the molecule of methyl laurate has a wider distribution on the X × Y plane perpendicular to the Z-axis
(parallel to the coal surface), which indicates that methyl laurate is easier to diffuse on the coal surface
than dodecane and has a wider coverage on the coal surface.

The methyl laurate molecule is a polar molecule with a head group (ester group) and tail group
(fat chain). The orientation of the methyl laurate molecule covering the coal surface has an important
influence on the hydrophobicity of the coal surface. The Z-dependent mass density for the head group
(ester group) and tail group (fatty chain) is calculated to determine the adsorption configuration in the
water–coal interface at the initial and final time (Figure 7). At the initial state, there is no difference
between the Z-dependent mass density of the head group and tail group. When the adsorption was
completed, reorientation occurred in the collector molecules. The head group (ester group) of the
methyl laurate molecules is directed toward the surface of coal through hydrogen bonds, while the tail
group (fatty chain) is far away from the coal surface due to hydrophobic action. The ester group of the
collector molecules covered the hydrophilic sites on the coal surface and the fatty chain of the collector
was exposed to the aqueous phase, which made the coal surface more hydrophobic.
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Figure 7. The Z-axis mass density for the head group (ester group) and tail group (fatty chain): (a) the
initial structure and (b) the equilibrium structure.

3.1.2. Interaction Energies between Collectors and Coal

The difference in the adsorption behavior of the two collectors on the coal surface is mainly
attributed to the difference of interaction strength between the two collectors and the sub-bituminous
coal surface. In order to quantitatively measure the interaction strength between collectors and
the sub-bituminous coal surface, the interaction energies between collectors and the surface of
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sub-bituminous coal was calculated. The more negative the binding energy between collectors and
sub-bituminous coal was, the more conducive it was to the adsorption of collectors on the coal surface.
The interaction energy between the collector and the coal surface can be determined by the following
formula [27]:

Intc&s = (Et − Ec − Es+w − Es − Ew+c + Ew + Ec+s)/2 (1)

where Intc&s is the interaction energy between collectors and the coal surface, Et is the total energy of
the system, and Ec, Es, and Ew are the energy of collectors, coal surface, and water, respectively. Es + w,
Ew + c, and Ec + s represent the energy of water/coal surface, water/collectors, and collectors/coal
surface models, respectively.

The interaction energies (Intc&s) in the presence of methyl laurate and dodecane are –365.40 and
–260.97 kJ/mol, respectively. The results showed that the interaction between coal and dodecane
is relatively small, which also means that aliphatic hydrocarbons are not easily adsorbed on the
surface of coal with more oxygen-containing groups but are aggregated into spherical structures
under the influence of intermolecular hydrophobic force. The interaction between methyl laurate and
coal is stronger because of the strong hydrogen bond between ester groups in methyl laurate and
oxygen-containing functional groups on the surface of sub-bituminous coal. This stronger interaction
force will be conducive to the diffusion of methyl laurate on the coal surface and the formation of
stable adsorption between methyl laurate and coal surface through ester groups.

3.1.3. Mobility of Water Molecules before and after the Adsorption of Collectors

The adsorption of collectors on the sub-bituminous coal surface will affect the diffusion behavior
of water molecules on the coal surface, which can be reflected by the mean square displacement (MSD)
and the self-diffusion coefficient (D). MSD can quantify the diffusion strength of the water molecule
on the coal surface with time [28–30]:

MSD =
1
N

N

∑
i=1

(ri(t)− ri(0))
2 (2)

Here, N is the number of water molecules, t is the statistical time, and ri(t) and ri(0) represent the
position of the center of water molecular i at the time t and the initial time, respectively.

The MSDs of water molecules on (modified) coal surfaces are obtained by molecular dynamics
simulation, as shown in Figure 8. As can be seen from Figure 8, the diffusion strength of water
molecules on the surface of (modified) coal increases gradually with the extension of simulation time,
and the enhancement range follows that of methyl laurate modified coal > dodecane modified coal >
unmodified coal.

The self-diffusion coefficient (D), which represents the physical quantity of the water molecule
diffusion degree on the coal surface, can reflect the diffusion ability of the water molecule on the coal
surface. The high mobility was conducive to the displacement of water molecules from the (modified)
coal surface, which made the bubbles easier to attach on the coal surface. The self-diffusion coefficient
(D) can be calculated by the Einstein equation:

D =
1
6

lim
t→∞

d
dt
(MSD) =

1
6

KMSD (3)

Here, KMSD is the slope of the MSD curve.
According to Equation (3), the self-diffusion coefficient (D) of water in water/coal and

water/collector/coal systems can be determined, as shown in Table 3. Table 3 shows there is the lowest
water molecular diffusion coefficient in the water/coal system. This implies that the diffusion of water
molecules on the surface of sub-bituminous coal is limited in the water/coal system. This limitation
is due to the existence of a large number of polar groups on the surface of sub-bituminous coal,
which have a strong hydrogen bonding effect on polar water molecules, thus making the water
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molecules adsorb tightly on the surface of sub-bituminous coal. In the water/collector/coal system,
the diffusion degree of water molecules is more intense, which is mainly due to the hydrophobic effect
of the alkyl chain in the collector, which repels water molecules and inhibits the adsorption of water
molecules on the surface of sub-bituminous coal. Among the two collectors with the same carbon
number of nonpolar hydrocarbons, the methyl laurate containing ester group can more effectively
reduce the polar groups on the coal surface and promote the diffusion of water molecules on the
coal surface.Minerals 2019, 9 FOR PEER REVIEW  10 
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Table 3. The self-diffusion coefficient (D) of water in the water/coal and water/collector/coal system.

System D (10−9 m2/s)

water/coal 4.90
water/dodecane/coal 5.32

water/methyl laurate/coal 5.88

3.2. Analysis of Experimental Results

The adsorption behavior of two collectors on sub-bituminous coal surface is determined by the
abovementioned molecular dynamics simulation. The results show that the methyl laurate with
ester group can more effectively cover the oxygen-containing functional groups on coal surface than
dodecane and effectively promote the diffusion of water molecules on the coal surface. In order to
verify the simulation results from a macro perspective, the XPS method was used to determine the
changes of oxygen functional groups on the coal surface before and after adsorption by different
collectors. The hydrophobic change of the coal surface under different collectors was determined by
measuring the adhesion efficiency between coal and air bubbles.

3.2.1. XPS Analysis

X-ray photoelectron spectroscopy (XPS) is an effective surface analysis method, which can provide
the element compositions and their relative contents on the surface of coal samples [25]. XPS C1s and
O1s spectra are presented in Figures 9 and 10.
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Figure 9. X-ray photoelectron spectroscopy (XPS) C1s spectra of (a) raw coal, in the presence of
(b) dodecane, and (c) methyl laurate.
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Figure 10. XPS O1s spectra of (a) raw coal, in the presence of (b) dodecane, and (c) methyl laurate.

From Figures 9 and 10, it can be seen that the intensity of the C1s and O1s peaks on the coal
surface does not change significantly after the adsorption of dodecane. After the addition of methyl
laurate, the intensity of the C1s peak obviously increases, while the intensity of O1s peak is weakened.
In order to quantitatively describe the change of peak intensity on the coal surface, the sum of the
atomic C1s and O1s content was set to 100%, and the atomic percentage of two elements is shown in
Table 4.

Table 4 shows that the content of carbon increases slightly after the adsorption of dodecane,
while the content of oxygen decreases slightly. The ratio of oxygen to carbon atoms also changes little,
which is from 29.65% to 26.41%. The main reason is that it is difficult for dodecane to diffuse effectively
on the surface of coal. Although dodecane has a certain coverage effect on the oxygen-containing
functional groups on the surface of coal, its effect is not obvious. After methyl laurate adsorption,
the carbon content on coal surface increased from 77.13% to 84.16%, while the oxygen content decreased
from 22.87% to 15.84%. The ratio of oxygen to carbon atoms is much lower than that of coal surface
modified by dodecane. This result shows that methyl laurate can cover the hydrophilic sites of
sub-bituminous coal more effectively and reduce the number of oxygen functional groups on the coal
surface. This is consistent with the simulation results.

Table 4. The composition of C and O on the (modified) coal surface (C + O = 100%).

Element Raw Coal Dodecane Methyl Laurate

C 77.13 79.11 84.16
O 22.87 20.89 15.84

O/C 29.65 26.41 18.82

3.2.2. Attachment Efficiency Measurement

The adhesion between coal particles and bubbles is the key to the flotation process, which is
mainly affected by the hydrophobicity of the coal surface [31–33]. The higher adsorption efficiency
indicates that the coal surface has better hydrophobicity. Adhesion efficiency is defined as the ratio of
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the number of particles adhering to a bubble at a given location to the total number of particles at that
location, which can be expressed as follows:

E =
Na

Nt
(4)

where E is the attachment efficiency between coal particles and bubbles, Na is the number of coal
particles for adhesion, and Nt is the total number of particles. The relationship between coal sample
adhesion efficiency and collision angle is shown in Figure 11.
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Figure 11. Adhesion efficiency of coal samples.

The adhesion efficiencies of 1000 effective particles at different positions of bubbles are counted
to ensure the accuracy of the experiment. To quantify the horizontal position of particles relative to
bubbles, the collision angle is chosen as the X-axis. The Y-axis is adhesion efficiency.

From Figure 11, the attachment efficiency between raw coal and bubble is the lowest,
which indicates that the raw coal has poor hydrophobicity. This result is mainly attributed to the
strong interaction between water molecules and the abundant oxygen-containing functional groups on
the surface of raw coal, which prevented the coal particles from adhering bubbles. With the addition
of collectors, the adhesion efficiency of the two collectors is improved, and the adhesion efficiency
of coal particles adsorbed by methyl laurate is higher than that of dodecane at different positions
of bubbles. This meant that the adsorption of collectors can improve the hydrophobicity of the coal
surface and the addition of methyl laurate has a better hydrophobicity performance on the modified
coal surface compared to dodecane. According to the simulation results, the main reason for this
phenomenon is that the abundant hydrophilic sites limit the diffusion of dodecane on the coal surface,
resulting in a large of number of oxygen-containing functional groups on the coal surface still exposed
to an aqueous environment. It is easier to cover the hydrophilic part of the coal surface with the ester
group of methyl laurate, while the aliphatic hydrocarbon is oriented towards the water environment
and enhances hydrophobicity.

4. Conclusions

Methyl laurate and dodecane with the same carbon number of nonpolar hydrocarbons were
selected to determine the effect of ester groups in methyl laurate on the collecting performance of
low-rank coal. The adsorption behavior of two collectors on coal surface was studied by means of
experiments and computer simulation.

(1) The adsorption behavior of two collectors was studied using molecular dynamics (MD)
simulation. The results showed that the two collectors adsorbed on the interface between coal
and water to form an isolating layer on water. It is difficult for dodecane to diffuse on the
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surface of sub-bituminous coal containing a large number of oxygen-containing functional groups,
while dodecane aggregates into spherical conformations on the surface of coal. Methyl laurate is easier
to spread on the surface of coal. The head group (ester group) of methyl laurate covers the coal surface,
while the tail group (fat chain) is exposed to the aqueous phase, forming a network structure with
a better water barrier effect.

(2) Compared with dodecane, methyl laurate has a stronger interaction with the coal surface
due to the existence of the ester group. The stronger interaction between methyl laurate and the coal
surface makes it easier for methyl laurate to diffuse and adsorb on a sub-bituminous coal surface.

(3) The water molecule mobility of the two collectors on the modified coal surface follows the
order of methyl laurate > dodecane, which indicates that methyl laurate is a more effective collector to
enhance the hydrophobicity of a low-rank coal surface than dodecane.

(4) XPS analysis showed that methyl laurate is an effective collector for reducing
oxygen-containing functional groups on the surface of sub-bituminous coal compared with dodecane.
The adhesion efficiency between air bubbles and (modified) coal particles was also measured.
The results showed that the adhesion efficiency of sub-bituminous coal particles to bubbles increases
after methyl laurate adsorption, which is higher than that of dodecane adsorption. This also means
that after adding methyl laurate, coal particles are more easily attached to bubbles. The experimental
results are in agreement with the simulation results, which verify the accuracy of the simulation.
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